Abstract. This paper aims at giving an overview on the importance of scattering, and more specifically neutron scattering, for probing the nanomorphology of polymer electrolytes made of block copolymers. Two types of self-assembled polymer electrolyte materials will be discussed: (i) the ionomer membranes used in fuel cell and (ii) the solid polyelectrolytes used in secondary batteries. Both are used to physically separate the electrodes in the respective electrochemical devices and are expected to have a high ion transport capacity so as good chemical and mechanical stabilities. Unfortunately, in most cases improving one property leads to the degradation of the others. Nonetheless, through block copolymers selfassembly it is possible to tackle this issue; indeed, antagonist properties can be decoupled and associated within controlled nano-morphologies. This aspect will be discussed and supported by examples based on published studies; in parallel useful scattering analytical tools and models will be presented along the paper and detailed in annex.
Introduction
Nowadays ion containing polymers materials are of major interest in devices such as fuel cells and secondary batteries. Ionomer membranes such as Nafion have proved their high potential to transport efficiently protons in low temperature fuel cells; and polymer electrolytes, such as polyethylene oxide (PEO), have demonstrated their capacity to well dissociate lithium salts and transport ions between batteries electrodes. The relatively low cost and ease to process, make polymer materials of great interest for such applications. Nevertheless, improvements are still necessary; for instance, the stability of ionomer membranes needs to be improved when cycled -swelling/drying cycles -in order to extend the fuel cell lifetime; also, the mechanical modulus of polymer electrolyte should be increased toward solid polyelectrolytes for a safer use of the batteries. Unfortunately, in most cases improving one property leads to the degradation of the others. One rout to decouple antagonist properties is through block copolymers self-assembly, where specific polymers with their one desirable property (e.g. ion conductivity, mechanical strength, etc.) Self-assembled BCPs can then combine and concentrate properties in controlled nanomorphologies, which present a double interest. (i) The first one is to optimize the global efficiency of the electrolyte materials, and (ii) the second one is to use BCPs as model systems to gain knowledge and ultimately develop more efficient electrolyte materials. Thus, in order to control and improve the polyelectrolyte performances it is essential to characterize the morphologies at the nanometer length scale and pointing out the structure / properties relationship. Microscopy, with transmission electron microscopy (TEM) and atomic force microscopy (AFM) are methods of choice for the structural characterisation. Microscopy approach has the advantage of a direct visualization of the morphology and the disadvantage of a limited representativeness of the collected pictures. To complement microscopy, scattering techniques such as SAXS and SANS, are frequently performed. Indeed, both SAXS and SANS permit to collect structural averaged data in a large volume of sample; the difficulty is the need of mathematical models to transfer the data from the reciprocal space to the real space. [11] Also, SAXS and SANS are well complementary to each other; for instance, the high brilliance of the X-ray sources allows a fast data acquisition (below the second) together with a high resolution which is essential to investigate fast structural kinetic; on the other hand, neutron contrast variation approach allows to selectively enhance or match the contrast in multiphasic systems, which is essential for a detailed description of complex morphologies. Indeed, the neutron coherent scattering length of an atom gives its scattering efficiency and depends on its nucleus composition. Nevertheless, two isotopes of the same element present different scattering lengths; consequently, isotope exchange can be performed in a material to tune selectively the coherent scattering length densities (SLD) of one phase, while preserving the structural, physical and chemical properties. This substitution is regularly used between hydrogen and deuterium, leading for example in the case of water to SLDs of -0.56 and 6.39 × 10 10 cm -2 for H 2 O and D 2 O respectively. The wide range of SLDs allows then mixtures of H 2 O-D 2 O to match the majority of polymers SLD's. In this paper, the scattering curves are plotted as a function of the scattering vector q defined as followed: q = 4π/λ sin(θ/2) with θ the scattering angle. Performing small angle scattering on phase segregated BCPs bulk samples usually permit to discriminate the different morphologies thanks to the relative structural peak q-positions and permit also to determine the lattice parameters. [12] More details on this particular point are given in annex A. The present paper points out the essential input of scattering, and especially SANS, in the morphology characterization of fuel cell ionomer membranes and battery polymer electrolytes made of BCPs. Nevertheless, this paper does not aim to be an exhaustive review on fuel cell or battery materials, neither on BCPs but will give an overview based on selected published papers. Finally, few useful analytical tools and models are presented all along the paragraphs and detailed in annex.
BCP ionomer membranes for fuel cell
Ionomer membranes are currently employed as a separator in prototype and commercialized proton exchange membrane fuel cells (PEMFCs) running at low temperature, targeting a vast range of applications: from small portable to large stationary power sources. The basic principle of hydrogen fuel cell is schematized on figure 2. (i) Hydrogen is decomposed in protons and electrons on the anode side, then (ii) the protons are transported through the hydrated membrane to the cathode, (iii) to finally produce water after recombination with the oxygen from air and electrons transported through the external electrical circuit. The ionomer membrane plays a central role and as a consequence it is a key element toward PEMFC performances improvement. The membrane must be chemically and electrochemically stable, have good mechanical strength, have high proton conductivity and must be synthesized at low cost. In the last few decades, a significant number of ionomers have been synthesized to meet these requirements, such as sulfonated aromatic hydrocarbon polymers, e.g. polyimides [13] , poly(ether ether ketone) [14] , poly(phenylene) [15] , poly(phenylene sulfone) [16] , or polybenzimidazole [17] . Nonetheless, the membranes of reference, in terms of durability and performance, remains perfluoro-sulfonated membranes, of which Nafion commercialized in the 60's by DuPont de Nemours is the first example. More precisely, Nafion polymer is made of polytetrafluoroethylene backbone with perfluorinated side chains each ended by a sulfonic acid function. However, these fluorinated ionomer membranes are still expensive to produce, due to a complex synthesis. In addition, they are not suitable for high-temperature PEMFC applications (typically above 130 °C) because of the drop of proton conductivity above 100 °C, correlated with the membrane drying. Also, Nafion membranes are not good candidates for direct methanol fuel cells (DMFC) due to their low methanol crossover resistance. Therefore, the synthesis of new alternative ionomer materials so as their structural and diffusion characterization are still necessary. For that purpose, neutron and X-ray scattering techniques are particularly well-suited tools. [18, 19] Nafion remains also a major reference among the ionomer membranes in term of morphology. Indeed, it was intensively investigated by SAXS and SANS, to point out the role of morphology on the remarkable macroscopic properties. Nonetheless, the studies were leading to contradictory structural conclusions, mainly as a matter of fact of the delicate interpretation of scattering data. The Nafion typical scattering curve (cf. figure  3 ) [20] presents peaks at large angles corresponding to the amorphous and crystalline peaks, signature of the macromolecular chains arrangement. The well-known ionomer peak positioned at a scattering vector q about 0.15 Å -1 and systematically observed on ionomer material is correlated to the segregation between the hydrated ion rich and the hydrophobic polymer phases. In the intermediate q-range a large bump named the matrix-knee, commonly correlated to the crystallinity is sited on a general q -1 slope. Finally, in the ultra- The pioneer Nafion structural model was the Gierke's cluster-network model, [24, 25] with spherical clusters of sulfonic acid groups (i.e. inverted micelles), connected by narrow channels within an amorphous fluorocarbon matrix (cf. figure 4a) . In 2002, a direct fibrillar model was proposed, considering the aggregation of the fluorocarbon chains into elongated objects surrounded by the ionic groups and water. This model is based on SAXS and SANS data collected at much smaller q compare to Gierke's model, i.e. information on the larger figure 4b ) and also over a wide range of water content. [23, 27] The systematic presence of a q -1 slope at small q was a key clue, suggesting elongated scattering objects. In addition, this model is able to describe the orientation of the structure under an uniaxial stretching (cf. figure 5 ). [20, 29] In 2008, an inverted cylinder model was proposed based on new analysis of existing SAXS curves using numerical Fourier transform techniques.
[28] This model describes Nafion as parallel cylinders decorated inside with ionic groups and water within a fluorocarbon matrix (cf. figure 4c ). More recently, Nafion was described by locally flat and narrow water domains (about 1 nm) in a fluorocarbon matrix. [30] To conclude, all those models agree at least on one point, there is a cocontinuous phase separation between the hydrophobic fluorinated polymer and the hydrated ionic group phase at the nanometer length scale, even if they disagree on the exact shape of those phases. SANS with contrast variation is a powerful method to investigate the nano-morphology of Nafion and other ionomer membranes. [18] Indeed, the structures are extremely dependent on water content and in most cases they are observed hydrated such as fuel cell running conditions. Then fully or partially deuterated water (H 2 O-D 2 O mixtures) can be used for contrast matching or enhancing. To illustrate this point, on figure 6 are presented SANS curves collected on the same Nafion membrane highly hydrated with four different H 2 O-D 2 O mixtures. The impact on the scattering curves is dramatic and can be predicted with a core-shell cylinder form factor assuming that the scattered intensity can be expressed as the product of a structure factor S(q) and a form factor P(q): [31] (2) where K is a scaling factor related to the number of scattering objects. The form factor describes the specific shape of the scattering objects, and the structure factor their spatial ordering. More conditions on the validity of this expression are discussed in the next paragraph. Here, it is assumed also that the structure factor can be neglected due to the large hydration of the membrane (i.e. polymer volume fraction is 16%). The solid black lines on figure 6 correspond to the core-shell cylinder form factor using identical structural EPJ Web of Conferences 188, 03002 (2018) https://doi.org/10.1051/epjconf/201818803002 JDN 23 parameters for the four curves while adjusting the SLDs of the water phase and the hydrated ionic corona. 
BCP ionomer membranes
The design and synthesis of model polymers, such as BCP, is a key element of any research program aimed at improving ionomer membranes. It is expected that properties, such as proton conductivity, is influenced by many factors including the chemical structure (i.e. composition and nature of the polymer chain), ion exchange capacity (IEC), water content, and also by the multi-length-scale morphology. The study of model materials can then provides valuable knowledge on proton transport mechanisms and ultimately will lead to the design of future generation of membranes. Several non-fluorinated copolymers containing a partially sulfonated polystyrene block had been synthesized, such as sulfonated [38, 39] sulfonated hydrogenated poly(butadiene-bstyrene), [40, 41] sulfonated poly(styrene-b-[ethylene-co-propylene]), [42, 43] sulfonated poly(styrene-b-ethylene/propylene-b-styrene), [42] block copolymers sulfonated poly-(styrene-b-methylbutylene). [44] In most cases, the structural investigations on ionomer BCPs reveal hierarchical structures. Indeed, the regular BCPs self-assembly occurs at the length scale of few tens of nanometers and the charges clustering arises within the ionomer phase at the length scale of few nanometers; that was demonstrated by Weiss and coworkers by small angle scattering. [34] In order to take advantage of the chemical stability of fluorinated polymers, BCPs such as sulfonated poly-([vinylidene difluoride-co-hexafluoropropylene]-b-styrene) block copolymers, [45] [46] [47] were also explored. Holdcroft and coworkers have synthetized original block copolymers ionomer with fluorinated poly (vinylidene difluoride-co-hexafluoropropylene) and sulfonated polystyrene ionomer blocks. [46] [47] [48] The blocks incompatibility and low dispersion lead to well-defined structures as revealed by TEM imaging and SANS over a wide range of length scales while varying blocks dimension and ion exchange capacity (IEC). ; [45] in consequence no contrast matching was expected. To analyze the large length scale SANS data (cf. figure 7a), it was assumed that the scattered intensity can be expressed as the product of a structure factor S(q) and a form factor P(q) (cf. equation 2). It is important to note that Equation 2 is valid in two cases: (i) the scattering objects are centro-symmetric (typically spheres) or (ii) the scattering objects are anisotropic (e.g. cylinders, disks) but locally oriented. [49] Also the expression is valid in the q-range where q.L > 1, with L the characteristic dimension of the structure. In addition, it is assumed that changing the solvent H 2 O-D 2 O ratio has no effect on the morphology, [50] i.e. the structure factor is expected to be invariant at all contrast. Finally, it is assumed that the geometry of the scattering objects remains the same but the SANS form factor is expected to vary due to the variation of the SLDs. Under all these assumptions, if two spectra collected on the same membrane but soaked in two different solvents are divided by each other, then the S(q) and K components will be eliminated, resulting to a ratio of two form factors (cf. equation 3). Then this ratio can be compared to curves calculated for different object shapes. [23, 51] Experimentally, the spectra collected on a membrane soaked in 50-50, 30-70, and D2O mixtures (solvent1) were divided by that soaked in H 2 O (solvent2) to obtain the P div (q). (3) Finally, once the theoretical P(q) are determined, then the products K.S(q) are calculated by dividing the measured spectra by the corresponding P(q) as expressed below for solvent 1: (4) where K and S(q) are both contrast independent, then all the K.S(q), calculated from the different solvents, should all collapse on each other. Figure 7b presents the results for divided experimental spectra. The fact that the divisions are not flat means that the scattering objects cannot be modeled as a basic two-phases system, but at least three phases. This first observation is a motivation to consider core-shell form factors. Then the shape of the scattering object has to be determined; spherical and cylindrical core-shell form factors gave rise to unrealistic parameters or low fit quality, only the core-shell discoidal form factor led to a reasonable analysis (cf. figure 7b) . Indeed, each scattering object is considered as a disk-like core with an external layer (shell) on both sides. The core is defined by its radius r, thickness t, thickness polydispersity σ. The shell is defined by its thickness, s. The SLDs were calculated considering a core made of hydrated sulfonated PS, a pure PS shell, and a surrounding matrix of fluoropolymer. In that case the unknown fitting parameters are ϕp, the polymer volume fraction of the disk core, t, the core thickness with σ its polydispersity, and s, the shell thickness. The same set of structural parameters was used to fit the three normalized spectra collected on the same samples, only the SLD of the swollen core was varying and calculated with the proper solvent's SLD. Curves showing the fits are presented in figure 7b. The fit approach is good enough to confirm the core-shell disk-like form factor, considering that most of the parameters are strongly constrained and considering also the fit agreement in relative intensity for the three curves simultaneously. Finally, the K.S(q) were calculated, the results are presented in figure 7c, with a first peak at q * and second order at 2q * consistent with a lamellar ordering of the disk-like objects. All four K.S(q) collapse on each other which supports the analysis assumptions. To conclude the SANS contrast variation analysis was a key element in this study, pointing out the precise hierarchical structure brought by the block copolymer selfassembly and the sulfonic acid groups clustering in the sPS phase. As shown on figure 8, the fine SANS analysis points out the presence of a thin dead zone, in term of conductivity, of pure PS in-between the sPS and the fluorinated lamellas. A similar SANS approach was performed on grafted block copolymers perfluorinated ionomer membranes made of partially sulfonated poly-([vinylidene difuoride-cochlorotriuoroethylene]-g-styrene) on which the grafting densities and the polystyrene side chains length and sulfonation rate was modulated.
[52] X-ray scattering at large and small angles permitted to collect data on crystallinity and nano-morphology on the non-hydrated films. To complete the study a SANS experiment with contrast variation was performed on hydrated samples using four different . Those peaks are analyzed as signatures of a hierarchical morphology consisting of a disordered and partially phase-separated system, with two characteristic features and dimensions (cf. figure 9b ). Thanks to contrast variation and matching both peaks were attributed to a structure consisting of fluorinated domains in a partially sulfonated PS matrix at large length scale and ion-rich domains within the PS matrix at smaller length scale. Practically, the SANS data were interpreted by fitting the Kinning & Thomas model [54] (cf. annex B) to the fluorinated peak and the Teubner & Strey model [55] (cf. annex C) to the peak associated to the ion-rich domains. This combination of models provided the best fits to the data with a reasonable number of parameters. The analysis of the structural parameters permitted to point out the impact of the morphology on water uptake and proton conductivity. It was found that the structural swelling observed at the nanometer length scale was consistent with the membrane water uptake, indicating consistency between microscopic and macroscopic length scale swellings in these materials. Also, it was demonstrated that phase separation between fluorinated polymer and PS phase is limited because of the competition with the sulfonated acid groups aggregation mechanism. The similarities in water uptake and conductivity values for membranes of radically different morphology were also pointed out, particularly when volume-based quantities from references [45] and [53] are compared. To summarize, the present SANS study points out that the control of water uptake through the macromolecular structure is a key feature in designing efficient materials. Finally, to illustrate the structure / properties relationship using model ionomer diblock copolymers, we are now focussing on a study performed on partially sulfonated poly-(styrene-b-methyl methacrylate) (PS-b-PMMA) that point out the role of controlled morphologies on the proton conductivity and the water uptake.
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[56] The advantage of this system is that series of polymers presenting similar sulfonated PS blocks were used while varying the PMMA block dimension. The structure and properties of the sulfonated PS (sPS) phase are supposed to be identical. By combining TEM and SANS the different morphologies were described. Depending on the molecular weight of the copolymers and the degree of sulfonation of the PS block, disordered (DIS), lamellar (LAM), hexagonal cylindrical packing (HEX) and hexagonally perforated lamellae (HPL) phases were observed. The swelling of the films exposed to water was significantly different according to the morphology. For instance, the samples exhibiting a lamellar structure undergo a consequent increase in the inter-lamellar dimension, whereas no swelling was observed for the samples presenting the HEX or HPL morphologies. It is worth to note that for those morphologies the matrix is made of PS. As expected, the water uptake of the films is accompanied by a significant increase in proton conductivity. Nevertheless, this increase was also dependent on the nano-metric morphology. In order to highlight the role of structure, the authors have compared the conductivities normalized by the volume fractions of the conductive phase (i.e. the domains formed by sPS, PS, and water). Figure 10 presents the normalized conductivity which increases according to the following sequence of morphologies: DIS, HEX, HPL and LAM, in agreement with hopping, 1D and 2D charges transport mechanisms; i.e. hopping (DIS), 1D (HEX) and 2D (HPL and LAM). 
BCP solid polyelectrolytes for battery
Polymer electrolytes can be used as separator between the electrodes of secondary batteries. The two principal expected properties are: the ability to dissociate the salt and also to efficiently transport the ions during charge and discharge. The basic secondary battery principle is schematized in figure 11 . During the charge, the lithium ions migrate through the electrolyte toward the anode and get intercalated or inserted in the electrode material (typically carbon graphite or lithium metal). During the discharge, the lithium ions diffusion toward the cathode, where they get inserted in the electrode material (typically cobalt oxide), is accompanied by an electron current in the external circuit. Most of the batteries currently commercialized are prepared with electrolyte containing solvents, such as ethylene or propylene carbonate. Those solvents facilitate the ion transport; but unfortunately, they may cause critical safety issues: chemical leakage and risk of flammability. Nowadays, this is major concern in the development of secure at working temperature. In addition, it is expected that the high mechanical modulus of the solid polyelectrolytes (> 6 GPa) prevent the formation of dendrites on lithium anode during the charge. [57] Another issue that polymer electrolytes can overcome is the anions concentration gradient between the electrodes occurring during discharge and limiting the maximum current accessible; only a fraction of the current is carried by the lithium ions. This current fraction can be measured and expressed in term of transport number, t + , which can range from 0 to 1. In PEO blended with lithium salt, t + is ranging generally between 0.1 and 0.2,[58] meaning an extremely low fraction of the current is carried by the lithium ions. Recently, single ion polymers were synthesized, with anions grafted on the polymer chain, leading to a significant increase of the transport number toward the unity. [59, 60] The classical SPE polymers are poly(ethylene oxyde) (PEO), poly(vinylidene fluoride) (PVDF) or polycarbonates based polymer presenting similar chemical function than the carbonate solvents, such as polytrimethylene carbonate. [61] On figure 12 extracted from reference [62] are presented the ionic conductivity versus temperature of different polymer based electrolytes. The most efficient (highest conductivity at lowest temperature) are the organic electrolyte (containing solvent), then the gel electrolyte (solid containing solvent), then the SPE containing free lithium salts. The poorer performances are for single ion conductor [59, 60] and solid lithium phosphorous oxynitride electrolyte LiPON. [63] So far, PEO is the most extensively investigated polymer because of its high dielectric constant and its strong lithium ion (Li + ) solvating ability, brought by the Li + coordination on the ether oxygen. Actually, each Li + is potentially coordinating several ether oxygen atoms (on the same or different polymer chains) thus creating transient cross-linking points decreasing the segmental relaxation of the polymer chains. Also, the charges transport involves the segmental motion of the polymer chain and the re-coordination of the ions with neighboring ether oxygen (EO). Meaning that the ratio of EO units per lithium ion is a major parameter (EO:Li), so as the polymer glass transition temperature, Tg, which should be low to facilitate the charges transport (e.g. PEO Tg = -60 °C). PEO is a semi-crystalline polymer with a melting temperature at the vicinity of 60 °C. The crystallites preserve the mechanical strength of the low Tg polyelectrolyte and simultaneity tend to lower the ionic transport, as the conducting phase is quasi exclusively in the amorphous PEO / lithium phase.
[66] Nevertheless, it was shown that PEO blended with lithium salt can present crystalline PEO / lithium complex phases, [67] including the PEO 6 :LiAsF 6 phase that potentially present an enhanced conductivity. [68] In this particular complex phase, Bruce and coworkers claim that the charges diffuse in nano-channels of crystalline PEO, on the other hand the counter ion are located outside the channel and are partially immobile; thus, ameliorating the electrolyte transport number, t + . A detailed structural and dynamical study, using SANS and quasi elastic neutron scattering (QENS) was performed by Maranas and coworker on PEO/LiClO 4 as function of temperature and ratio EO:Li to investigate further the structure / dynamics relationship. [69] The analysis of the SANS data, taking advantage of the SLD contrast resulting from crystallization, indicates that the (PEO) 3 :LiClO 4 phase presents a cylindrical morphology, with a radius of 125 Å and a length of 700 Å. Implying that multiple (PEO) 3 :LiClO 4 helices align to form those large cylindrical structures. The authors have also localized the LiClO 4 nearby the amorphous domains, inducing a SLD contrast between the amorphous PEO/LiClO 4 bilayer and the crystalline lamellae detectable by SANS. The dimensions of the crystalline lamellae and the amorphous bilayer are both maximized at a particular salt concentration (i.e. 14:1) so as ion conductivity, despite the fact that this sample is partially crystalline. Nonetheless, the most prevailing view is that PEO crystallization is detrimental to the ion diffusion, because of structural tortuosity and chain dynamics limitation (tethered chains confinement).
[66] Inelastic neutron scattering (e.g. QENS) is a technique of choice for dynamical investigations; nevertheless, as the incoherent scattering cross-section of lithium is negligible compared to hydrogen, inelastic neutron scattering is quasi exclusively sensitive to the dynamics of the hydrogenous polyelectrolyte chains and not to the mobile Li + .
[70] This technique is then complementary to dielectric or impedance spectroscopy in which the signal is dominated by the dynamics of the Li + . The correlation between the segmental relaxation in polymer electrolytes and the dynamics of the ionic charges, at the nanosecond and picosecond time scale, is extremely informative: the general trend is that the Li + ions aggregate with multiple polymer chains and slow down the molecular and ionic mobility, i.e. creation of transient cross-links as mention previously.
BCP solid polyelectrolytes
In the perspective of developing solid polyelectrolytes, BCPs present the major advantage of fully decoupling ion conduction and mechanical properties. In addition, as already mentioned, BCPs electrolytes can be exploited as a model system to investigate the structure / properties relationship. Recently, Bouchet and coworkers have explored a wide range of block copolymers architectures made of polystyrene (PS) and PEO, i.e. diblock, triblock (ABA & BAB) and comb-like copolymers. [71] They conclude that the triblock PSb-PEO-b-PS structure presents the best compromise between ion conductivity and mechanical properties. Also, the salt repartition is a crucial point to understand and improve the diffusion mechanisms. Wang and coworker have demonstrated theoretically that the ion distribution profile, so as the electrostatic potential, depend on the blocks dielectric contrast and also on the capacity of lithium ions to redistribute within the iondissolving phase. [72] In parallel, Bouchet and coworkers have demonstrated the presence of a dead zone -in term of conductivity -at the interphases PS/PEO in PS-b-PEO diblock copolymers. [73] This dead zone is constituted by 4 to 5 units of EO and can be explained by the constraint imposed by the PS block limiting the mobility of the PEO and more particularly on the first EO units. So far, the BCP solid polyelectrolyte self-assembly was intensively studied by SAXS and microscopy techniques, such as TEM. It is worth to note that in many of those studies the main fundamental objective is the determination of the Flory-Huggins parameter, χ, in order to point out the role of the lithium salt on the selfassembly mechanism. Nevertheless, one of the pioneer works on BCP solid polyelectrolyte has demonstrated the great potential of SANS in the domain. [74] The system investigated by Ruzette et al. was a poly (methyl methacrylate -b-oligo oxyethylene methacrylate) BCP blended with LiCF3SO3 salt. The advantage of oligo oxyethylene methacrylate compared to regular PEO is the absence of crystallinity while preserving the same chemical functions. The neat copolymer presents a disordered phase, i.e segmentally mixed at temperatures ranging between 100 and 200 °C. The order to disorder transition temperature, T ODT , is below the Tg of the whole copolymer. The authors have demonstrated that increasing the salt content is raising the T ODT of the block copolymer bringing a microphase separation. Also, there is preferential complexation of LiCF 3 SO 3 with the ether linkages of POEM compared to the carbonyl groups of methacrylate, inducing a weakening of the segmental interactions. [74] . Conclusively, on figure 15 , Ruzette et al. compare the BCP conductivity to a random copolymer with an identical composition, i.e. an identical amount of conducting polymer. The ordered BCP presents a significantly higher conductivity especially at lower temperature; also, the conductivities are increasing and converging with temperature. This increasing rate slows-down dramatically for the BCP above the ODT, i.e. 110 °C (arrow on figure 15 ). As expected, at the highest temperature, 170 °C, when the block copolymer is no longer microphase separated, its conductivity approaches that of the random copolymer. More recently, Bergfelt and coworkers have used SANS on partially deuterated triblock copolymer of poly[(oligo ethylene glycol) methyl ether methacrylate] (PMMA-b-POEGMA-b-PMMA) blended with LiTFSI (9:1)(EO:Li). [75] In this system the PMMA block was selectively deuterated. The neutron experiment was performed at temperatures used during battery tests, i.e. 25, 60 & 95 °C. Considering the elevated salt ratio, those temperatures were expected to be below the system T ODT , according to Ruzette et al. observations on similar polymers. [74] Nevertheless, SANS spectra revealed block copolymers in a mixed state, with broad and low intensity peaks, which were interpreted as the result of the correlation hole effect. [2] In order to extract the Flory-Huggins interaction parameter, the random phase approximation (RPA, cf. annex D) model was used to fit the data. This approach will be detailed in the next section.
As previously mentioned, one of the main fundamental interrogations when considering BCP is the determination of the Flory-Huggins parameter, χ, value. Adding salt changes considerably the interaction between the blocks, as demonstrated by Ruzette et al.; then equation 1 can be adapted, assuming that the ions are dissolved in only one of the phases. The Flory-Huggins parameter χeff for block copolymers blended with salt becomes: (5) with r the molar ratio between the ions and the monomers of ion-containing blocks. Experimentally, χ eff can been determined from scattering data, considering (i) the structure factor changes in the disordered phase, (ii) the change in the domain spacing of the ordered phases, or also (iii) the shift in the phase boundaries. Russell and coworkers [76] have fitted the changes in structure factor of the disordered phase using the RPA theory (cf. annex D). Their experimental data was collected by SANS on PMMA-b-PS diblock copolymers blended with LiCl salt (cf. figures 16 & 17) . Considering the following expression of the Flory-Huggins parameter with an enthalpic, χH, and entropic components, χ S : [76] (6) They have shown that the entropic contribution χ S for the salt complexed copolymer increases and on the other hand the enthalpic contribution, χ H decreases, resulting in a nearly temperature-independent χ. , inducing a slight overestimation of χ eff . Nonetheless, a linear dependence of χ eff versus salt concentration is found, which is in agreement with the observations of Balsara and coworkers while exploiting the shift in the phase boundaries. [78] The experimental data of Balsara and coworkers, were obtained by SAXS on PEO-b-PS diblock copolymers blended with LiTFSI salt. In that case, the Leibler's theory is used to predict the χ at the ODT using the following expression:
where N=φ PS N PS +φ PEO N PEO , with φ x and N x respectively the volume fraction and the number of monomers of the specified phase x. S is a constant that depends on φ EO (e.g. S = 10.5 for φ EO = 0.5). It is important to note that this approximation ignores the temperature dependence of χ. In a second paper the same authors improved their approximation taking into account for composition fluctuations. [79] In summary, the studies dedicated to the salt concentration effect on χ eff reveal systematically a linear relationship which can be expressed as: [80] � ��� � � � �� �
where χ is the intrinsic Flory-Huggins parameter for the salt-free BCP, r is the molar ratio between ions and the solvating monomers. , [76] and for PS-b-PEO diblock copolymers blended with LiTFSI m is 1.56. [78, 79] . Moreover, m can be estimated considering the dielectric constants of the two phases, the size of the ions (m decreases with increasing anion radius) and the statistical segment lengths of the polymer chains. [81] 
Conclusion
This paper gives an overview on the essential inputs of scattering techniques, with an emphasis on small angle neutron scattering, on the structural investigations of block copolymers based electrolytes. Two kinds of system were discussed: (i) block copolymers ionomer membranes used in fuel cell and (ii) block copolymers solid polyelectrolytes used in secondary batteries. The literature on neutron scattering is relatively rich concerning the ionomer membranes, which can be explained by the possibility to perform easily contrast variation with various H 2 O-D 2 O mixtures. On the other hand, SANS was rarely exploited to probe the morphology of solid polyelectrolytes used in batteries, SAXS is generally preferred. That opens up a vast field of SANS investigations using, for instance, precise polymer deuteration to probe the morphologies, the salt location, the dead zones, etc. in classical polymer / salt blend electrolytes; but also on more recent and promising systems, such as single ion polymer electrolytes.
Annex
A. Small angle scattering spectra collected on the BCP samples reveal structural peaks, whose q-positions are the signatures of the morphologies. Here, we give the expected qpositions for three current morphologies: (i) the 1D lamellar structure, (ii) the 2D hexagonal packing of cylinders, and (iii) 3D cubic arrangement of spheres. The relative peak position is defined as q peak /q * with q peak the q-position of a specific higher order Bragg diffraction peak and q * the q-position of the first order Bragg diffraction peak. For the lamellar structure the peaks position are given by: [12] � � � ��� � �
with h the first Miller indice and a the lattice dimension. Then the relative peak positions are expected to follow the sequence: 1, 2, 3, 4, 5, etc. and the lamella-to-lamella distance is expressed as:
For the hexagonal packing of cylinders the peak positions are given by the expression: [12] � �� � ��√� � � �� � � � √3� �
with h and k the first and second Miller indices and a the lattice dimension. The relative peak positions are expected to follow the sequence: 1, √3, √4, √7, √9, etc. and the cylinderto-cylinder distance is expressed as:
For the cubic arrangement of spheres, the peak positions are given by the expression: [12] � ��� � ��√� � � � � � � � � �
with h, k and l, the Miller indices and a, the lattice dimension. The relative peak positions are expected to follow the sequence: 1, √2, √3, √4, √5, etc. and the sphere-to-sphere distance is given by:
B. The Kinning and Thomas model [54] is expressed as a product of the form factor for polydisperse spheres, P, and the Percus-Yevick structure function, S PY , describing their short-range order in a matrix: [82] � �� ��� �  
where  2 is the square of the contrast (i.e. SLDs difference between the spheres and the matrix) and N the number of the scattering particles. It is important to note that in the present scattering intensity formalism, the contrast parameter,  2 is not contained in the form factor unlike presented in expression (2) . This form factor simplification is allowed since homogeneous spheres are considered. R � is the mean sphere radius and ��is the rootmean-square deviation from the mean size. R HS and ϕ HS are respectively the hard sphere radius and the hard spheres volume fraction. 2R HS corresponds to the closest approach between two spheres. Then,
